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ABSTRACT 

In  1986,  Bulusu  et  al.  d.  Fhvs.  Chem..  90  4121-4126)  reported  on  the  kinetics  of  the  thermal 
decomposition  of  HMX  at  atmospheric  pressure  from  508  K  to  555  K,  using  isothermal  gravimetric 
analysis.  Their  work  implied  that  the  decomposition  kinetics  followed  a  simple  Arrhenius  temperature  - 
rate  law  dependency  but  their  analysis  did  not  describe  the  actual  kinetic  pathway  in  any  detail. 

In  the  present  study,  some  key  experiments  were  repeated.  As  a  result,  the  following  points,  most  of 
which  are  pertinent  to  any  mechanistic  discussion  but  were  not  considered  in  Bulusu  s  paper,  can  be 
made:- 

a)  Over  the  entire  temperature  range  of  the  Bulusu  study,  HMX  exists  not  in  its  p  -  polymorphic  form  but 
in  its  8  -  form. 

b)  The  thermal  decomposition  of  8-HMX  follows  a  reaction  rate  law  which  fits  a  sigmoidal  a-t  relationship 
of  the  form  d  (  a  )  /  d  t  =  k'  a  (1  -  a),  where  k'  is  the  kinetic  rate  constant,  a  is  the  fractional  extent  of 
the  reaction  and  t  is  the  time. 

c)  This  reaction  proceeds  with  the  complete  loss  of  mass  in  the  form  of  volatile  products. 

d)  Over  the  temperature  range  508  K  to  524  K,  the  kinetics  follow  an  Arrhenius  relationship,  the 
Arrhenius  pre-exponential.  In  A  (min'1),  over  this  temperature  range  having  a  value  of  31.07  and  the 
energy  of  activation,  Ea,  a  value  of  144  kj  mol'1.  However,  somewhere  beyond  524  K,  a  decomposition 
reaction  with  a  different  Arrhenius  dependency  probably  comes  into  play  -  the  rate  of  reaction  observed  at 
539  K  being  much  greater  than  that  calculated  using  the  lower  temperature-range  Arrhenius  parameters. 

The  mechanistic  implications  of  this  study  are  placed  in  the  context  of  information  from  other  studies. 


RELEASE  LIMITATION 

Approved  for  public  release 


DEPARTMENT  OF  DEFENCE 

- 4 - 

DEFENCE  SCIENCE  AND  TECHNOLOGY  ORGANISATION 


Published  by 

DSTO  Aeronautical  and  Maritime  Research  Laboratory 
PO  Box  4331 

Melbourne  Victoria  3001  Australia 

Telephone:  (03)  9626  7000 
Fax:  (03)  9626  7999 
©  Commonwealth  of  Australia  1998 
AR-010-473 
March  1998 


APPROVED  FOR  PUBLIC  RELEASE 


Contents 


1.  INTRODUCTION 

2.  EXPERIMENTAL.. 

3.  RESULTS . 

4.  DISCUSSION . 


5.  REFERENCES 


9 


A  Reassessment  of  the  Kinetics  of  the  Thermal 
Decomposition  of  the  High  Explosive,  8-HMX, 
in  the  Range  508  K  to  524  K,  as  studied  by 
Isothermal  Gravimetry 


Executive  Summary 

The  cyclic  nitramines,  HMX  and  RDX,  have  been  used  in  a  wide  variety  of  propellant 
and  high  explosive  formulations  for  many  years  but,  surprisingly,  very  few  studies 
have  addressed  the  relationship  between  kinetic  data  and  product  formation. 

An  understanding  of  the  complex  physicochemical  processes  which  underlie  the 
combustion  of  these  nitramines  can  provide  a  link  between  basic  scientific  data  and 
their  combustive  behaviour  as  well  as  leading  to  methods  of  assessing  the  effects  of 
modifying  the  basic  formulations.  In  this  report,  the  authors  have  chosen  to  reassess 
the  published  kinetic  data  on  the  thermal  decomposition  of  HMX  below  its  ignition 
temperature  and  to  comment  on  mechanistic  aspects  of  the  reactions  so  observed. 

It  has  been  found  that 

a)  the  thermal  decomposition  of  8-HMX  follows  a  reaction  rate  law  which  fits  a 

sigmoidal  a-t  relationship  of  the  form 

d  ( a )  /  d  t  =  k1  o(  (1  -  a), 

where  k'  is  a  bimolecular  rate  constant  characteristic  of  the  reaction,  a  is  the  fractional 
extent  of  the  reaction  and  t  is  the  time, 

b)  this  reaction  proceeds  with  the  complete  loss  of  mass  in  the  form  of  volatile 
products,  and 

c)  in  the  temperature  range  close  to  the  ignition  temperature  of  HMX,  508  K  to  524  K, 
the  kinetics  follow  an  Arrhenius  relationship.  The  Arrhenius  pre-exponential,  In  A 
(min-1),  has  a  value  of  31.07  and  the  corresponding  energy  of  activation,  Ea,  has  a 
value  of  144  kj  mol-1. 

In  other  studies  carried  out  elsewhere,  it  appears  as  if  the  major  products  of  the  very 
early  reactions  of  the  thermal  decomposition  are  formaldehyde  (H2CO)  and  nitrous 
oxide  (N2O),  formed  in  very  similar  relative  amounts.  These  may  be  associated  with 
rupture  of  the  HMX  ring  and  subsequent  unzipping  of  the  HMX  molecular 
framework.  Such  an  observation  does  not  preclude  the  rupture  of  the  nitramine  N-N 
bond,  the  weakest  bond  in  the  system,  to  yield  nitrogen  dioxide  (N02  or  N204)  but 
rather  suggests  that,  if  N-N  bond  rupture  is  implicated  in  the  first  step,  other  processes 
rapidly  take  over. 


The  tie-up  between  the  kinetic  profile  and  the  pathway  of  the  reaction  is  an  important 
one,  all  the  moreso  because  such  information  will  be  required  as  input  data  for  future 
modelling  studies. 
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1.  Introduction 

Recently,  Brill  et  al.  [1]  rationalised  the  often-disparate  results  [2]  obtained  from  the 
numerous  kinetic  studies  on  the  rate  laws  and  Arrhenius  kinetic  parameters  operating 
in  thermal  decompositions  of  HMX,  RDX  and  NTO  at  atmospheric  pressure  (1  atmos. 
=  o  101325  MPa).  In  essence.  Brill  reported  that  the  global  reaction  kinetic 
measurements  of  the  thermal  decompositions  of  these  molecules  (and,  no  doubt, 
many  others)  are  strongly  affected  by  sample  characteristics  and  experimental 
conditions  but  that  often  a  compensating  relationship  exists  between  the  observed 
Arrhenius  pre-exponential  factor.  A,  and  the  observed  activation  energy,  Ea.  This 
compensating  relationship  has  its  origins  in  considerations  of  the  overall  free  energy 
changes  occurring  in  a  reaction  and  its  influence  on  reaction  rates  and  reaction 

pathways  [3, 4]. 

For  HMX,  this  relationship  can  be  expressed  in  a  simple  form  [1],  namely 
In  A  (mirf-*-)  =  0.2252  Ea  (kj  mol  2)  - 1.4222  [Eq.  1] 

with  the  coefficient  of  determination,  R2 ,  equal  to  0.9693. 

This  prompted  the  present  authors  to  look  more  closely  at  some  of  their  own 
unpublished  results  on  HMX  at  atmospheric  pressure  in  the  solid  state  mid  to  compare 
them  with  those  which  were  published  by  Bulusu  et  al.  [5]  but  not  mentioned  in  Brill's 
paper.  This  report  reassesses  the  Bulusu  data;  it  adds  a  global  kinetic  rate  law  to  the 
Bulusu  explanation,  reevaluates  the  kinetic  rate  constants  in  a  form  which  is  seen  to 
correlate  with  that  expected  from  Brill's  report  and  draws  attention  to  the  status  of  the 
kinetic  picture  with  the  products  observed  from  the  thermal  decomposition  reactions. 


2.  Experimental 

A  research  sample  of  pure  HMX  was  given  to  Dr.  Robert  Spear,  Explosives 
Division,  Materials  Research  Laboratory  (the  forerunner  of  Weapons  Systems  Division, 
Aeronautical  and  Maritime  Research  Laboratory)  in  1988  by  the  US  Army  Armament 
Research  and  Development  Center  (ARDEC),  Dover,  New  Jersey,  USA.  This  is  the 
same  laboratory  from  which  Bulusu  published  his  report  and  it  is  possible  that  the 
HMX  sample  was  from  either  the  same,  or  similar,  stock  used  by  Bulusu  in  his  work. 
This  is  mentioned  only  in  as  far  as  it  is  relevant  to  the  suggestion  implied  in  the 
Introduction  [1,  2]  that  variations  in  particle  size  can  have  an  effect  on  the  kinetics  of 
the  thermal  decomposition  of  HMX. 

A  sample  of  this  HMX  was  examined  under  a  scanning  electron  microscope  (Fig.  1) 
revealing  that  the  material  was  composed  of  large  crystals,  the  mean  dimensions  of 
which  were  (approx.)  0.58  mm  long,  0.24  mm  wide  and  0.18  mm  high;  these 
dimensions  were  estimated  from  a  computer-based  stereo  examination,  carried  out  by 
Mr.  Ian  McDermott  (Image  Analysis  Group,  MRL,  1990),  of  approx.  80  representative 
crystals,  chosen  at  random. 
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Isothermal  gravimetric  analysis  (ITGA)  on  this  material  in  the  solid  state  was 
carried  out  in  a  stream  of  nitrogen  (100  mL  /  min)  at  515.4  K  (242.4  °C)  and  at  524.2  K 
(251.2  °C),  on  a  Stanton  Redcroft  Simultaneous  Thermal  Analyser  Model  1500, 
controlled  by  appropriate  software. 


Figure  1:  An  electron  micrograph  of  the  sample  of  a-HMX  obtained  from  US  Army  Armament 
Research  and  Development  Center  (ARDEC)  and  used  in  this  study. 


At  ambient  temperature  and  pressures  close  to  atmospheric  pressure,  HMX  exists 
in  its  most  dense  form,  the  (3  -  polymorph.  Under  a  similar  pressure  but  at  a 
temperature  of  458  K  (185  °C),  it  transforms  completely  into  the  less  dense,  6- 
polymorph  in  less  than  7  mins.  [6],  a  change  which  can  be  completely  reversed  by 
applying  elevated  pressures  (300  -  380  atmos.,  30  -  38  MPa)  on  the  heated  sample  [6-8]. 
It  is  therefore  apparent  that  the  current  study  was  one  involving  the  decomposition  of 
8  -  HMX. 
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From  DSC  measurements  carried  out  in  the  non-isothermal  or  dynamic  mode  at  a 
heating  rate  of  10  K  min'1,  our  sample  of  HMX  started  to  decompose,  albeit  slowly, 
above  ca.  540  K  (267°C).  The  principal  exotherm  commenced  near  545  K  with  an 
extrapolated  onset  temperature  of  553  K  and  it  reached  a  maximum  rate  of  evolution  of 
heat  at  554  K.  From  a  series  of  DSC  runs  at  heating  rates  from  5  to  20  K  min'  the 
measured  heat  of  reaction  was  found  to  be  1400  ±  60  J  g. 

In  the  temperature  range,  505  K  to  540  K,  our  sample  of  F1MX  appeared  to  be  free 
of  any  identifiable  endothermic/ exothermic  phase  transitions. 


3.  Results 

The  ITGA  traces  from  HMX  at  524.2  K  (251.2  °C)  followed  the  well-established 
sigmoidal  mass  loss  /  time  profile  [9-13],  in  which  the  total  mass  of  HMX  underwent 
thermal  decomposition  to  volatile  products  (Table  1).  A  similar  trace,  albeit  from  a 
slower  reaction,  was  obtained  from  HMX  at  515.4  K. 

Table  1.  The  Mass  Loss  in  terms  of  the  Extent  of  Reaction  (a)  vs.  Time  for  the  Isothermal 
Decomposition  at  524.2  K  of  HMX  in  covered  (but  not  crimped)  aluminium 
sample  pans  in  a  stream  of  nitrogen.  Mass  of  sample:  0.607  mg. 


Time  (min.) 

a 

In  [a  /(I  -  a)] 

Time,  min 

a 

In  [a  /(I  -  a)] 

24 

0 

50 

0.419 

-0.32688 

26 

0.007 

-4.95482 

52 

0.475 

-0.10008 

28 

0.018 

-3.99922 

56 

0.589 

0.35983 

30 

0.033 

-3.37769 

60 

0.695 

0.82360 

34 

0.072 

-2.55637 

62 

0.741 

1.05117 

38 

0.118 

-2.01151 

64 

0.785 

1.29505 

42 

0.199 

-1.39256 

68 

0.860 

1.81529 

46 

0.313 

-0.78613 

72 

0.924 

2.49798 

48 

0.365 

-0.55373 

76 

0.976 

3.70541 

The  Linear  Least  Squares  plot  of  In  [a  /  (1  -  «)]  vs.  t  (min.)  fits  [Eq.  2b],  as  presented 
in  the  form  In  [a  /(l  -  a)]  =  -7.00709  +  0.13128  t  (min.),  with  a  LLSQ  coefficient  of 
determination  of  0.99277,  for  0.033  <  a  <  0.86 
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The  data  from  both  of  these  traces  could  be  fitted  satisfactorily  to  a  rate  law  of  the 
form 

Velocity,  or  time  rate  of  reaction,  v  =  d  (  a )  /  d  t,  and 
d(a)/dt  =  k'a  (1  -  a)  [Eq.  2a], 

for  0.05  <  a  <  0.86,  where  a  is  the  fractional  extent  of  reaction. 

In  inteerated  form,  [Eq.  2a]  becomes 

k'(t-to5)  =  ln[o(  /  (1  -  a)]  [Eq.  2b], 

where  t  g  5  is  the  notional  time  at  which  a  =  0.5. 

At  524.2  K,  the  rate  constant,  k',  had  the  value  0.13128  min'-1-  (Table  1).  This  value  of 
k1  and  that  obtained  at  the  lower  temperature,  515.4  K,  0.07229  min '  ,  appeared  to  be 
considerably  higher  than  those  reported  by  Bulusu  [5]. 

The  features  of  a  sigmoidal  fractional  extent  of  reaction  (a)  vs.  time  (t)  plot 
following  Eq.  2  are  such  that,  in  the  domain  0.4  <  a  <  0.6,  the  velocity  (or  rate  of 
reaction)  varies  from  96  %  vmax  (at  a  =  0.4  and  0.6)  to  vmax  (at  a  -  0.5).  This  may 
appear,  at  first  sight,  to  be  a  domain  of  constant  velocity  -  but,  in  reality,  it  is  not. 

From  Eq.  2a,  k1  =  4  vmax  [Eq.  3] 

In  Bulusu' s  treatment  of  the  experimental  data,  he  apparently  assumed  that  the 
central  portion  of  the  sigmoidal  a  vs.  time  plot  was  linear  and  he  defined  his  rate 
constant  (which  the  present  author  has  labelled  kaPP  )  as  a  zero-order  rate  constant.  If 
one  further  assumes  Bulusu  determined  kaPP  in  the  time  domain  from  a  =  0.4  to  0.6, 
then 


kaPP  =  5  a  /  5 1  =  [  0.6  -  0.4  ]  /  [  t  (0.6)  - 1  (0.4)  ]  [Eq.  4], 

which  is  96  %  vmax  .  Accordingly,  the  true  value  of  the  rate  constant,  k1,  which  is  of 
second  order,  is  given  by 

k'  =  4  vmax  =  4  kaPP  /  0.96  [Eq.  5], 

and  the  kinetic  data  in  Bulusu' s  paper  can  be  recalculated  to  give  the  true  mechanistic 
rate  constant,  k’,  rather  than  the  pseudo-rate  constant,  kaPP  (Table  2). 

From  the  recalculated  Bulusu  data  for  the  temperature  range  508  K  to  522.6  K,  one 
finds  from  an  Arrhenius  plot  the  pre-exponential  term.  In  A  (min'1),  has  a  value  of 
31.07  and  the  energy  of  activation,  Ea,  144  kj  mol  (34.5  kcal  mol  ).  The  calculated 
value  of  the  RHS  of  Eq.  1  becomes  31.074,  a  value  of  In  A  (min-1),  to  all  intents  and 
purposes,  identical  with  that  from  the  Arrhenius  plot. 
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Table  2.  Experimental  Autocatalytic  Rate  Constants,  calculated  from  Eq.  2,  for  the 
Thermal  Decomposition  of  S-HMX  in  the  true  Solid  State  from  TGA  Experiments 
carried  out  by  Bulusu  [3]  and  by  the  present  Authors. 


Temp.  (°C) 

Temp.  (K) 

kaPP  (min"1) 

k1  (min'1) 

235.0 

508.0 

0.0104 

0.04333 

237.0 

510.0 

0.0122 

0.05083 

239.3 

512.3 

0.0151 

0.06291 

242.5 

515.5 

0.0203 

0.08457 

249.6 

522.6 

0.0267 

0.11123 

265.9 

538.9 

0.1174 

0.489088 

AMRL  data 

515.4 

524.2 

0.07229 

0.13128 

A  linear  least  squares  Arrhenius  plot  of  In  A  (min1)  vs.  1/T  over  the  temperature 
range  508  K  to  522.6  K  yields  a  straight  line  with  a  coefficient  of  determination  of  0.976, 
an  intercept.  In  A  (min'1),  of  31.068  and  gradient,  -  E/R,  -17374. 

From  these  Arrhenius  values,  the  calculated  rate  constants  for  the  reaction  at 
515.4  K  and  at  524.2  K  were  0.07469  min-1  and  0.13143  min-1  respectively;  these  are 
values  which  are  remarkably  close  to  those  obtained  experimentally  at  AMRL,  0.07229 
min-1  and  0.01328  min"1  (the  last  two  entries  of  Table  2).  On  the  other  hand,  we  note 
that  for  the  thermal  decomposition  at  538.9  K,  the  calculated  value  of  k'  on  the  basis  of 
the  cited  Arrhenius  parameters  is  0.3242  min"  ;  this  compares  to  Bulusu  s 
experimentally-obtained  reassessed  value,  0.4891  min"1.  Why  the  large  difference?  The 
reason  may  be  experimental;  alternatively,  the  thermal  decomposition  of  HMX  at  this 
higher  temperature  may  be  proceeding  from  a  discemibly-different  pathway  than  at 
the  lower  temperature,  though  one  with  the  same  general,  sigmoidal  a  vs. 
t  appearance. 

Actually,  it  was  very  tempting  to  include  the  kinetic  data  obtained  at  265.9  °C 
(538.9  K)  by  Bulusu  in  the  Arrhenius  analysis  above,  more  particularly  so  as  a  slightly 
better  In  k'  vs  1/T  line-of-best-fit  would  have  been  obtained  covering  the  spectrum 
of  data  from  508  K  to  539  K.  This,  in  turn,  would  have  led  to  revised  values  for 
In  A  (min"1 )  of  38.01  and  Ea,  174  kj  mol"1  (41.5  kcal  mol"1). 

However,  in  a  parallel  study,  the  present  authors  found  that,  in  trying  to  duplicate 
Bulusu' s  work  with  a  run  at  540.1  K,  thermal  equilibrium  could  not  be  maintained 
between  the  sample  and  the  reference.  In  short,  self-heating  of  the  sample  (mass  0.6 
mg)  was  occurring,  raising  the  sample  temperature  erratically  and  above  the  nominal 
temperature  of  the  reference  compartment  of  the  thermal  analyser,  thus  rendering  the 
interpretation  of  the  experimental  TGA  data  suspect. 
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The  authors  have  previously  met  and  reported  on  the  problem  of  self-heating  in 
isothermal  DSC  studies  on  strongly  exothermic  materials  [11, 12].  For  this  reason,  they 
have  preferred  to  confine  their  considerations  to  results  obtained  over  the  narrower 
temperature  range,  508  K  to  522.6  K,  where  the  sample  is  definitely  at  a  constant 
temperature  over  the  period  of  the  reaction. 

4.  DISCUSSION 

In  isothermal  thermal  gravimetric  analysis  (ITGA),  one  measures  the  time  rate  of 
loss  of  mass  from  the  sample  pan  at  constant  temperature.  A  chemist  then  tries  to 
correlate  this  mass  loss  with  a  kinetic  rate  law  (such  as  Eq.  2)  and  to  rationalise  the 
Arrhenius  parameters  describing  the  temperature  dependence  of  the  overall  processes 
in  terms  of  molecular  phenomena  (rate-determining  steps  in  bond-rupture  or  bond¬ 
forming  processes,  lattice  rearrangement  or  breakdown,  etc.).  In  some  studies  this  can 
be  done;  however,  in  most  cases  involving  solid  state  reactions,  one  can  only  make  a 
very  general  statement,  namely:-  over  the  temperature  range  studied,  the  reaction 
follows  a  particular  rate  law  and,  from  the  temperature  dependence  of  the  rate 
constant  deduced  from  the  rate  laws,  one  can  determine  the  Arrhenius  parameters 
(activation  energy  and  pre-exponential  factor)  for  the  overall  reaction.  These  in  turn 
reflect  the  overall  free  energy  change  associated  with  the  reaction  and,  as  such,  provide 
accurate  data  for  those  who  model  complicated  rate  processes,  such  as  explosive 
reactions,  in  detail  [14].  This  has  been  one  justification  for  studying  thermal 
decomposition  reactions  of  energetic  materials. 

What  is  intriguing,  however,  is  the  fact  that  in  thermal  decomposition  reactions 
such  as  studied  here  the  overall  decomposition  reactions  may  be  very  complicated  even 
though  the  global  kinetic  picture  described  in  the  previous  paragraph  appears  quite 
simple  [13, 15]. 

In  this  current  study,  it  appears  as  if  the  kinetics  of  the  thermal  decomposition  of 
S-HMX  over  the  temperature  range  508  K  to  522.6  K  follow  a  bimolecular  rate  law 
which  can  be  described  mathematically  in  the  form 

d  (  a  )  /  d  t  =  k'  a  (1  -  a)  [Eq.2a] 

where  the  reaction  proceeds  with  the  complete  loss  of  mass  in  the  form  of  volatile 
products.  In  addition,  the  rate  constant  obeys  an  Arrhenius  relationship  with  the  pre¬ 
exponential  term.  In  A  (min-1),  having  a  value  of  31.07  and  the  energy  of  activation, 
E  144  kj  mol-1  and  these  kinetic  parameters  appear  to  fit  in  with  the  linear  free 
energy  kinetic  relationship,  presented  by  Brill  and  his  co workers  [1]  and  summarised 
by  Equation  1. 

The  integrated  form  of  the  rate  law,  Eq.  2b,  suggests  that,  overall,  the  reaction  is 
characterised  by  an  induction  period,  corresponding  to  the  first  10  %  of  the  reaction 
(from  a  =  0  to  a  =  0.1),  a  regime  of  rapid  reaction  (from  a  =  0.25  to  a  =  0.75)  and  a 
fading  out  phase  (a  =  0.9  to  a  =  1).  Classically,  the  reaction  begins  under  an 
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appropriate  thermal  stimulus  at  sites  of  strain  within  the  crystal  (be  they  defect 
centres,  slip  planes  or  lattice  imperfections)  [13, 16];  these  are  sites  of  high  crystal  free 
energy.  As  the  reaction  proceeds,  the  products  of  the  reaction  induce  a  change  within 
the  solid  lattice  with  the  introduction  of  more  sites  of  high  free  energy  and  the  reaction 
rate  increases  -  the  so-called  autocatalytic  effect  implied  by  Eq.  2.  Eventually,  the 
character  of  the  original  solid  matrix  alters  so  significantly  that  the  rate  of 
decomposition  of  the  remaining  molecules  becomes  an  isolated  statistical  event  once 
again,  but  in  a  different  crystal  environment,  and  the  rate  of  reaction  slows  down  or 
fades  away. 

Support  for  this  overall  picture  comes  from  kinetic  studies  [16-20]  and  from  an 
examination  of  micrographs  taken  from  residues  of  crystalline  matrices  which  have 
undergone  decompositional  change  or  from  residues  remaining  from  incomplete, 
quenched  or  interrupted  reactions  [13, 19-21]. 

Aspects  of  the  mechanistic  interpretation  of  the  reactions  involved  in  the  thermal 
decomposition  of  HMX  in  the  condensed  state,  in  terms  of  product  analyses  and  the 
variation  of  the  products  with  time,  have  been  addressed  in  recent  times  by  Behrens, 
using  mass  spectrometry  [13]  and  by  Wight  and  Botcher  [22]  and  Oyumi  and  Brill  [23], 
both  of  whom  used  IR  detection  techniques. 

From  these  studies,  it  is  apparent  that  there  are  several  different  decomposition 
pathways  occurring  and  the  sigmoidal  ex  vs  time  profile  represents  the  sum  total  of  the 
effects  of  all  of  these  pathways.  For  that  reason  alone,  the  Arrhenius  parameters  have 
only  a  global  significance  and  cannot  be  attributed  to  a  specific  reaction  pathway. 

According  to  Behrens, 

•  the  major  products  for  reactions  between  483  K  and  508  K  (210  °C  and  235  °C) 
appear  to  be  nitric  oxide  (NO),  formaldehyde  (CH2O),  water  (H2O),  nitrous  oxide 
(N2O),  and  carbon  monoxide  (CO); 

•  minor  amounts  of  hydrogen  cyanide  (HCN),  dimethyl  nitrosamine,  (Me2N-NO), 
monodeoxygenated  HMX(ON-TNTA,  l-rutroso-3,5,7-trirutro-l  ,3,5,7- tetrazocine),  an 
amidic  product  and  a  polymeric  residue  (ca.  4  %  by  mass  of  the  original  material) 
were  also  identified.  No  residual  material  was  observed  in  the  study  reported  here. 

•  during  the  induction  period,  the  formation  of  nitrous  oxide  (N^O)  and 
formaldehyde  (CH20)  in  very  similar  relative  amounts  predominated,  while,  in  the 
regime  of  the  most  rapid  part  of  the  reaction,  all  of  the  products  -  be  they  minor  or 
major-  were  identifiable.  With  the  passage  of  time,  secondary  reactions  not  directly 
part  of  the  thermal  decomposition  reaction,  appeared  to  be  occurring  between  some 
of  the  gaseous  products. 

This  suggests  that,  in  the  induction  per;  d,  ring  opening  (with  C-N  bond  rupture) 
and  probable  "dezipping"  of  HMX  occurs,  to  yield  N2O  and  CH2O;  it  does  not 
preclude  other  reactions  or  the  role  of  other  reactions  (like  nitramine  N-N  bond 
rupture)  in  actually  initiating  the  decomposition  process. 
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Oyumi  and  Brill  [23]  studied  the  thermal  decomposition  of  HMX  under  a  whole 
variety  of  conditions;  in  Fig.  8  of  their  paper  [23],  they  presented  a  concentration  -  time 
profile  of  the  gaseous  products  from  HMX  under  an  atmospheric  pressure  of  nitrogen, 
heated  to  558  K  (285  °C)  at  a  heating  rate  of  40  K  min"1.  Here,  HCN,  CH20,  N20  and 
NOo  were  the  principal  initial  products;  this  was  interesting  as  Behrens  reported  that 
his  techniques  did  not  identify  HCN  except  as  a  minor  product  and  that  it  appeared 
later  in  the  reaction  sequence.  Perhaps,  in  the  time-of-flight  mass  spectrometer,  HCN 
may  undergo  a  secondary  reaction  and  appear  harder  to  detect. 

Secondary  reactions  [24]  may  just  confuse  the  issue. 

Just  one  thing  remains  to  be  said  on  this  matter;  the  formula  weight  of  CH20  is  30 
atomic  mass  units  (amu).  This  is  also  the  formula  weight  of  NO.  Therefore,  should  one 
ask  if  it  is  possible  that  NO  and  CH20  could  be  confused  in  the  mass  spectrometnc 
analysis.  Vibrationally-hot  N02 ,  *N02,  from  nitramine  N-N  bond  rupture  could  then 
be  the  precursor  to  the  e/m  peak  at  30  amu,  per  medium  of  either  a  urumolecular 
reaction  or  multi-body  collision 

*N02  (46  amu)  +  M  ->  NO  (30  amu)  +  %  02, 

where  M  is  an  unspecified  reactant  or  reaction  site. 

Wight  and  Botcher  have  already  pointed  out  that,  in  RDX  and  HMX,  the  nitramine 
N-N  bond  is  the  weakest  bond  in  the  system;  this  implies  that  N02  may  be  expected  to 
be  a  primary  reaction  product.  These  same  authors  have  also  reported  that  the  IR 
spectrum  of  a  thin  film  of  N204  (dimeric  N02)  is  very  similar  to  that  of  CH20  in  the 
1800-1700  cm"l  region  and  it  is  possible  that  an  incorrect  assignment  could  be  made, 
unless  one  was  very  careful. 

Were  further  work  to  be  done  studying  the  thermal  decomposition  of  HMX  by 
isothermal  TGA,  the  authors  would  suggest  that  such  a  study  investigate  the  effects  of 
crystallinity  and  of  particle  size  of  HMX  on  the  kinetics,  as  a  first  step.  Other 
experiments  would  naturally  stem  from  the  results  thus  obtained. 


8 


5.  References 

Brill,  T.B.,  Gongwer,  P.E.  and  Williams,  G.K.,  1994. 

"Thermal  Decomposition  of  Energetic  Materials.  Part  66.  Kinetic  Compensation  Effects 
in  HMX,  RDX  and  NTO",  I.  Phys.  Chem.,  98  12242  -  47. 

Boggs,  T.L.,  1984. 

" The  Thermal  Behaviour  of  RDX  and  HMX"  in  Progress  in  Aeronautics  and. 
Astronautics,  90  121-175. 

Schroeder,  M.,  1980. 

"Critical  Analysis  of  Nitramine  Decomposition  Data:  Activation  Energies  and 
Frequency  Factors  for  RDX  and  HMX  Decomposition",  Proc.  17th  JANNAF 
Combustion  Meeting.  CPIA  Publication  329,  Part  2,  pp  493-508  (Nov.  1980). 


Leffler,  J.  E.  and  Grunwald,  E.,  1963. 

Rates  and  Equilibria  of  Organic  Reactions  [as  treated  by  Statistical, 

Thermodynamic  and  Extrathermodynamic  Methods ],  John  Wiley  and  Sons,  Inc., 
New  York,  1963.  Chapter  9. 

Alberty,  R.A.,  1987. 

Physical  Chemistry,  John  Wiley  and  Sons,  Inc.,  New  York,  (7th  Edition)  1987, 
Chapter  21,  esp.  Sections  on  Transition  State  Theory  (Sect.  21.4)  and  its 
Thermodynamic  Formulation  (Sect.  21.5). 

Bulusu,  S.,  Weinstein,  D.I.,  Autera,  J.R.,  and  Velicky,  R.W.,  1986. 

"Deuterium  Kinetic  Isotope  Effect  in  the  Thermal  Decomposition  of  RDX  and  HMX:  Its 
Use  as  an  Experimental  Probe  for  their  Shock-induced  Chemistry", 

J.  Phus.  Chem.,  90  4121  -  26. 

Landers,  A.G.,  and  Brill,  T.B.,  1980. 

"Pressure-Temperature  Dependence  of  the  fi  -  8  Polymorph  Interconversion  in 
Octahydro-1,3,5, 7-tetranitro-l,3,5, 7-tetrazocine(HMX) ",  J.  Phys.  Chem.,  84  3573-77. 

Brill,  T.B.  and  Karpowicz,  R.J.,  1982. 

"Solid  Phase  Transition  Kinetics.  The  Role  of  Intermolecular  Forces  in  the  Condensed 
Phase  Decomposition  of  Octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (HMX)",  l 
Phys.  Chem.,  86  4260-65. 

Karpowicz,  R.J.  and  Brill,  T.B.,  1982. 

"  The  P  -  8  Transformation  of  HMX:  its  Thermal  Analysis  and  Relationship  to 
Propellants",  Am.  Inst.  Aeronaut.  Astronaut.  J.,  20 1586  - 1591. 


Piermarini,  G.J.,  Block,  S.,  and  Miller,  P.J.,  1987. 

"The  Effect  of  Pressure  and  Temperature  on  the  Thermal  Decomposition  Rate  and 
Reaction  Mechanism  of  ft -HMX",  I.  Phys.  Chem.,  91  3872-3878. 


Whelan,  D.J.,  and  Pletikapa,  B.,  1989.  ... 

"  The  isothermal  Thermal  Decomposition  of  Basic  Lead  Styphnate  at  its  Ignition 
Temperature",  f.  Energetic  Mails.,  7 133-150. 


Whelan,  D.J.,  and  Fitzgerald,  M.R.,  1994. 

"The  Thermal  Decomposition  of2,5-Dipicryl-l,3,4-oxadiazole,  near  its  Ignition 
Temperature  :  an  Isothermal  DSC  Study",  ]  Energetic  Matls.,  12  181-195. 

Kony,M.,Dagley,I.J.  and  Whelan,  D.J.,  1992. 

"Deuterium  Isotope  Effects  on  the  Rates  of  Thermal  Decomposition  of  2,2, 4,4,  b,  b  - 
Hexanitrostilbene  (HNS)  in  the  Condensed  Phase",  J  Phys  Cherry  96  8001-8006;  a 
preliminary  report  was  presented  and  published  in  the  22nd  International  Annual 
Conference  oflCT.  (July  1991),  Proceedings,  Paper  V-13  (13  pp). 

a)  Behrens,  Jr.,  R.,  1987  and  1990. 

"Simultaneous  Tkermogravimetric  Modulated-Beam-Mass  Spectrometry  and  Time-of- 
Flight  Velocity  Spectra  Measurements:  Thermal  Decomposition  Mechanisms  of  RDX 
and  HMX",  Proc.  Energetic  Materials  for  Munitions  Meeting,  Code  DEA-A76-G1218, 
Part  2  (Explosives  Research)  pp.  135-146,  Eglin  AFB,  FL,  USA,  October  1987 

b)  "Thermal  Decomposition  of  Energetic  Materials.  Temporal  Behaviors  of  the 
Rates  of  Formation  of  the  Gaseous  Pyrolysis  Products  from  Condensed  Phase 
Decomposition  of  Octahydro-1, 3,5, 7-tetranitro-l, 3,5, 7-tetrazocine  (HMX)  , 

J.Phvs.  Chem.,  94  6706  - 18  (1990). 

The  following  list  is,  by  no  means,  exhaustive.  It  represents  a  selection  of  papers 
from  well  credentialled  authors  describing  the  modelling  explosive  reactions  of 
HMX-containing  explosives. 

a)  Chan,  S.K.,  1981. 

"A  Theory  to  Predict  the  Velocity  -  Diameter  Relation  of  Explosives",  Proc.  7th 
Symposium  (Intemat.)  on  Detonation,  Annapolis,  Maryland,  USA,  pp  589-601. 

b)  Kim,  Kibong,  1989.  „ 

"Development  of  a  Model  of  Reaction  Rates  in  Shocked  Multi-component  Explosives  , 
Proc.  9th  Symposium  (Intemat.)  on  Detonation,  Portland,  Oregon,  USA,  pp  593- 
603,  and  references  cited  therein. 

c)  Mader,  C.L.,  and  Kershner,  J.D.,  1989. 

"The  Heterogeneous  Explosive  Reaction  Zone[in  PBX-9404]",  Proc.  9th  Symposium 
(Intemat.)  on  Detonation,  Portland,  Oregon,  USA,  pp  693-700. 


Rozycki,  C.,  and  Maciejewski,  M„  1987. 

"Method  of  the  Selection  of  the  Plot  [of  the  mathematical  form]  of  the  g(a)  Function 
based  on  reduced  time  Plots",  Thermochim.  Acta,  122  339-354. 


DSTO-TR-0635 


For  a  fuller  appreciation  of  the  problem  associated  with  fitting  kinetic  data  for  a  solid- 
state  thermal  decomposition  reaction  to  a  specific  rate  law,  refer  to  Ref.  11. 


16.  a)  Tompkins,  F.C.,  1976. 

"Decomposition  Reactions"  in  Hannay,  N.  B.,  (Editor),  Treatise  on  Solid  State 
Chemistry:  Vol.  4,  Reactivity  of  Solids,  Plenum  Press  (New  York  and  London),  1976. 

b)  Jacobs,  P.W.M.,  and  Tompkins,  F.C.,  1955. 

"Classification  and  Theory  of  Solid  Reactions",  in  Gamer,  W.E.  (Editor) 

The  Chemistry  of  the  Solid  State,  Butterworth,  London,  pp.  184-212  (esp.  185-187, 
196-197, 207-211). 

17  Bawn,  C.  E.  H.,  1955. 

" Decomposition  of  Organic  Solids" ,  in  Gamer,  W.E.  (Editor),  The  Chernistn {  of_ — the 
Solid  State  (Butterworth  Scientific,  London),  pp.  254-267,  esp.  pp  255-256. 

18  Whelan,  D.J.  and  Fitzgerald,  M.R.,  [1996]. 

"The  Kinetics  and  Thermochemistry  of  the  Thermal  Decomposition  of  the  Initiating 
Explosive,  Tetrazene,  near  its  Ignition  Temperature  [between  385  K  and  400  K]". 
AMRL/DSTO  Technical  Report,  DSTO-TR-0450. 


19  Galwey,  A.K.,  and  Mohamed,  M.A.,  1984. 

"The  Lozv  Temperature  Thermal  Decomposition  of  Ammonium  Perchlorate:  Nitronyl 
Perchlorate  as  the  Reaction  Intermediate",  Proc.  Royal  Soc.  ( London ) ,  A  396  425-440. 

20  Tanaka,  H.,  Koga,  N.  and  Galwey,  A.K.,  1995. 

"Thermal  Dehydration  of  Crystalline  Hydrates",  l  Chem.  Educ.,  72  251-256. 

2i.  a)  Sharma,  J.  and  Coffey,  C.S.,  1995. 

"Nature  of  Ignition  Sites  and  Hot  Spots,  studied  by  Use  of  an  Atomic  Force  Microscope" 
in  Schmidt,  S.  C.,  and  Tao,  W.C.  (Editors)  Shock  Compression  of  Condensed  Matter  - 
1995,  Am.  Inst.  Physics  Conference  Proc.  No.  370  (Part  2),  Woodbury,  New  York, 

pp.  811-818. 

b)  Sharma,  J.,  Beard,  B.C.,  Forbes,  J.,  Coffey,  C.S.,  and  Boyle,  V.M.,  1989. "Physical 
and  Chemical  Nature  of  Hot  Spots  in  TATB  and  HMX",  Proc.  9th  Symposium 
(Intemat.)  on  Detonation,  Portland,  Oregon,  USA,  pp  897-905. 

c)  Sharma,  J.,  Forbes,  J.,  Coffey,  C.S.,  and  Liddiard,  T.P.,  1987. 

"Physical  and  Chemical  Nature  of  Sensitisation  Centers  left  from  Hot  Spots  in  TATB  by 
Shock  or  Impact",  J.  Phvs.  Chem.,  91  5139-5144. 

22  Wight,  C.  A.,  and  Botcher,  T.R.,  1992. 

"Thermal  Decomposition  of  Solid  RDX  Begins  with  N-N  Bond  Scission", 

I.  Am.  Chem.  Soc.,  114  8303  -  04. 


11 


DSTO-TR-0635 


23.  Oyumi,  Y.,  and  Brill,  T.B.,  1985. 

"Thermal  Decomposition  of  Energetic  Materials.  Part  3,  A  High-Rate,  In-Situ,  FTIR 
Study  of  the  Themolysis  ofRDX  and  HMX  with  Pressure  and  Heating  Rate  Variables", 
Combustion  and  Flame,  62  213-224. 


24.  Batten,  J.J.,  and  Johnston,  G.R.,  1971.  „ 

"A  Preliminary  Study  of  the  Reaction  between  Nitrous  Oxide  and  Nitrogen  Dioxide  , 

Internal  I  Chem.  Kinetics,  III  381-383. 


12 


DISTRIBUTION  LIST 


A  Reassessment  of  the  Kinetics  of  the  Thermal  Decomposition  of  the  High 
Explosive,  5-HMX,  in  the  Range  508  K  to  524  K,  as  studied  by  Isothermal 

Gravimetry 


Daniel  J  Whelan  and  Mark  R  Fitzgerald 


AUSTRALIA 


DEFENCE  ORGANISATION 

S&T  Program 

Chief  Defence  Scientist 
FAS  Science  Policy 
AS  Science  Corporate  Management 
Director  General  Science  Policy  Development 
Counsellor  Defence  Science,  London  (Doc  Data  Sheet ) 

Counsellor  Defence  Science,  Washington  (Doc  Data  Sheet ) 

Scientific  Adviser  to  MRDC  Thailand  (Doc  Data  Sheet ) 

Director  General  Scientific  Advisers  and  Trials/Scientific  Adviser  Policy  and 
Command  (shared  copy) 

Navy  Scientific  Adviser  (Doc  Data  Sheet  and  distribution  list  only) 

Scientific  Adviser  -  Army  (Doc  Data  Sheet  and  distribution  list  only) 

Air  Force  Scientific  Adviser 
Director  Trials 

Aeronautical  and  Maritime  Research  Laboratory 
Director 

WSD 

Chief  of  Weapons  Systems  Division 

M.  C.  Chick 

Dr.  J  G  Adams 

Dr.  W.  S.  Wilson 

Dr.  M.  Cliff 

Dr.  Tam  Nguyen 

M.  Smith 

D.  Watt 

K.  Ide 

Dr.  S-Y  Ho 

Dr.  K.  Smit 

Dr.  David  Jones 

Dr.  D.  J.  Whelan  (Melbourne) 

M.  R.  Fitzgerald  (Melbourne) 

DSTO  Library 
Library  Fishermens  Bend 


j  shared  copy 


Library  Maribymong 
Library  Salisbury  (2  copies) 

Australian  Archives 

Library,  MOD,  Pyrmont  (Doc  Data  sheet  only) 

Capability  Development  Division 

Director  General  Maritime  Development  (Doc  Data  Sheet  only) 
Director  General  Land  Development  (Doc  Data  Sheet  only) 
Director  General  C3I  Development  (Doc  Data  Sheet  only) 


SO  (Science),  Director  of  Naval  Warfare,  Maritime  Headquarters  Annex, 
Garden  Island,  NSW  2000  (Doc  Data  Sheet  and  distribution  list  only) 


ABCA  Office,  G-l-34,  Russell  Offices,  Canberra  (4  copies) 

SO  (Science),  DJFHQ(L),  MILPO  Enoggera,  Queensland  4051  (Doc  Data  Sheet 

NAPOCQWG  Engineer  NBCD  c/-  DENGRS-A,  HQ  Engineer  Centre  Liverpool 
Military  Area,  NSW  2174  (Doc  Data  Sheet  only) 


Intelligence  Program 

DGSTA  Defence  Intelligence  Organisation 

Corporate  Support  Program  (libraries) 

OIC  TRS,  Defence  Regional  Library,  Canberra 

Officer  in  Charge,  Document  Exchange  Centre  (DEC),  1  copy 

*US  Defence  Technical  Information  Center,  2  copies 

*UK  Defence  Research  Information  Centre,  2  copies 

*Canada  Defence  Scientific  Information  Service,  1  copy 

*NZ  Defence  Information  Centre,  1  copy 

National  Library  of  Australia,  1  copy 

UNIVERSITIES  AND  COLLEGES 

Australian  Defence  Force  Academy 

Prof.  Eric  Magnussen,  Prof,  of  Chemistry,  ADFA 
Library 

Head  of  Aerospace  and  Mechanical  Engineering 

Deakin  University,  Serials  Section  (M  list),  Deakin  University  Library,  Geelong, 
3217 

Senior  Librarian,  Hargrave  Library,  Monash  University 
Librarian,  Flinders  University 

OTHER  ORGANISATIONS 


NASA  (Canberra) 
AGPS 


OUTSIDE  AUSTRALIA 


ABSTRACTING  AND  INFORMATION  ORGANISATIONS 

INSPEC:  Acquisitions  Section  Institution  of  Electrical  Engineers 
Library,  Chemical  Abstracts  Reference  Service 
Engineering  Societies  Library,  US 

Materials  Information,  Cambridge  Scientific  Abstracts,  US 
Documents  Librarian,  The  Center  for  Research  Libraries,  US 

INFORMATION  EXCHANGE  AGREEMENT  PARTNERS 

Acquisitions  Unit,  Science  Reference  and  Information  Service,  UK 

Library  -  Exchange  Desk,  National  Institute  of  Standards  and  Technology,  US 


ADI 

Explosives  Factory,  Mulwala,  NSW 
Dr.  George  Borg 
Library 

Explosives  Factory,  Benalla,  Victoria 

Head  Office,  Norwich  House,  St  Kilda  Rd,  Melbourne  3004. 

Australian  Ordnance  Council,  Dept,  of  Defence,  Campbell  Park  Offices,  Canberra. 

Defence  Research  Agency,  Fort  Halstead,  Kent,  UK 
Library 

Dr.  M  E  Colcough 
Dr.  Adam  Cuming 

Naval  Surface  Warfare  Center,  Indian  Head,  MD  20640-555,  USA 
Dr  Ruth  Doherty 
Library,  2  Copies 

Naval  Surface  Warfare  Center,  Dahlgren,  VA  22448-5000,  USA 

Naval  Air  Warfare  Center,  China  Lake,  CA  93555-6001,  USA 
2  Copies 

Defence  Research  Centre,  Valcartier,  Quebec,  Canada 
Dr.  P  Twardawa  (TTCP  WTP-4  Member) 

Library 

Dr  Jimmie  Oxley,  Deputy  Director,  Gordon  Research  Center,  University  of  Rhode 
Island,  PO  Box  984,  West  Kingston,  Rhode  Island,  RI 02882,  USA 

US  Army  Armament  Research  and  Development  Center,  Dover,  New  Jersey  07801- 
5001,  USA 
2  Copies 


US  Army  Armament  Research  and  Development  Center,  Ballistics  Research 
Laboratory,  Aberdeen  Proving  Ground,  MD  21010-5423,  USA. 

2  Copies 

Eglin  Air  Force  Base,  High  Energy  R  &  D  Facility,  Eglin,  Florida  32542-5000,  USA 
Mr  J  Corley 
Mr  A  Spencer 
Library 

Technical  Library  (Explosives),  Sandia  National  Laboratory,  Sandia,  New  Mexico, 
USA. 

Los  Alamos  National  Laboratory,  University  of  California,  PO  Box  1633,  Los  Alamos 
New  Mexico  87545,  USA 


Lawrence  Livermore  National  Laboratory,  University  of  California,  PO  Box  808, 
Livermore,  California  CA  94551 

Technical  Library  (Energetic  Materials) 

NIMIC,  NATO  Insensitive  Munitions  Information  Center,  NATO  Headquarters, 
1110  Bruxelles,  Belgium 


SPARE  (5  copies) 

Total  number  of  copies:  87 


Page  classification:  UNCLASSIFIED 


DEFENCE  SCIENCE  AND  TECHNOLOGY  ORGANISATION 
DOCUMENT  CONTROL  DATA 


1.  PRIVACY  MARKING/CAVEAT  (OF 
DOCUMENT) 


2  TITLE - ”  3.  SECURITY  CLASSIFICATION  (FOR  UNCLASSIFIED  REPORTS 

THAT  ARE  LIMITED  RELEASE  USE  (L)  NEXT  TO  DOCUMENT 
A  Reassessment  of  the  Kinetics  of  the  Thermal  Decomposition  of  CLASSIFICATION) 
the  High  Explosive,  8-HMX,  in  the  Range  508  K  to  524  K,  as 

studied  by  Isothermal  Gravimetry  ^>^ument  jyj 

Abstract  (U) 


4.  AUTHOR(S) 

Daniel  J  Whelan  and  Mark  R  Fitzgerald 


5.  CORPORATE  AUTHOR 

Aeronautical  and  Maritime  Research  Laboratory 
PO  Box  4331 

Melbourne  Vic  3001  Australia 


6b.  AR  NUMBER 
AR-01 0-473 


6a.  DSTO  NUMBER 
DSTO-TR-0635 


8.  FILE  NUMBER 
9505/14/4 


13.  DOWNGRADING/ DELIMITING  INSTRUCTIONS 


15.  SECONDARY  RELEASE  STATEMENT  OF  THIS  DOCUMENT 


6c.  TYPE  OF  REPORT 
Technical  Report 


9.  TASK  NUMBER 

10.  TASK  SPONSOR 

11.  NO.  OF  PAGES 

95/224 

DC-TO 

12 

7.  DOCUMENT  DATE 
March  1998 


12.  NO.  OF 

REFERENCE 

24 


14.  RELEASE  AUTHORITY 


Chief,  Weapons  Systems  Division 


Approved  for -public  release 


OVERSEAS  ENQUIRIES  OUTSIDE  STATED  LIMITATIONS  SHOULD  BE  REFERRED  THROUGH  DOCUMENT  EXCHANGE  CENTRE,  DIS  NETWORK  OFFICE, 
DEPT  OF  DEFENCE,  CAMPBELL  PARK  OFFICES,  CANBERRA  ACT  2600 _ _ _ _ 


16.  DELIBERATE  ANNOUNCEMENT 
No  Limitations 


17.  CASUAL  ANNOUNCEMENT  Yes 


18.  DEFTEST  DESCRIPTORS 

HMX, 

Octogen, 

Octahydro-l,3,5,7-tetramtro-l,3,5,7-tetrazocine, 
1,3,5,7-tetranitr  0-1,3 ,5,7-tetrazacyclooctane, 
Cyclotetramethylenetetranitr  amine. 

Thermal  Decomposition, 

Isothermal  Thermal  Gravimetric  Analysis, 
Reaction  Kinetics, 

Activation  Energy, 

Reaction  Products 


19.  ABSTRACT 

In  1986,  Bulusu  et  al.  (1.  Phvs.  Chem.,  90  4121-4126)  reported  on  the  kinetics  of  the  thermal  decomposition  of  HMX  at 
atmospheric  pressure  from  508  K  to  555  K,  using  isothermal  gravimetric  analysis.  Their  work  implied  that  the  decomposition 
kinetics  followed  a  simple  Arrhenius  temperature  -  rate  law  dependency  but  their  analysis  did  not  describe  the  actual  kinetic 
pathway  in  any  detail. 

In  the  present  study,  some  key  experiments  were  repeated.  As  a  result,  the  following  points,  most  of  which  are  pertinent  to 
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The  mechanistic  implications  of  this  study  are  placed  in  the  context  of  information  from  other  studies. 
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